Electrodeposition of CZTS thin films on ZnS was carried using a 2-electrode method to fabricate superstrate structure solar cells. A comprehensive study was performed on the effects of trisodium citrate on the CZTS electrolyte bath. In the present investigation, it is demonstrated that using a CZTS electrolyte with a concentration of 0.2 M trisodium citrate yields CZTS thin films with an electronic bandgap of 1.52 eV, a p-type nature, and good uniformity, which are all results desired for the fabrication of thin film solar cells. Characterization was performed using UV-Vi-IR optical absorption, SEM imaging, Raman spectrometry, and photoelectrochemical cells conducted for electronic bandgap, morphology, chemical composition, and semiconductor conductivity, respectively.
Introduction
With the increasing demand of solar energy harvesting devices, many materials have been looked upon to increase the efficiency of existing solutions as well as reduce the cost of generating renewable energy. Cu-In-Ga-S (CIGS) and CdTe thin film solar cells have been extensively researched upon to replace silicon solar cells. However, the high toxicity and scarcity of materials have limited long term usage of these technologies. In contrast, Cu 2 ZnSnS 4 (CZTS) is a promising material to overcome the obstacles CIGS present. CZTS is a p-type quaternary compound with a bandgap of 1.4 -1.5 eV and a high absorption coefficient (>10 4 cm −1 ), which makes it an ideal candidate for photovoltaic applications [1] . Different methods have been used to fabricate CZTS thin films, which include vacuum methods such as sputtering [2] , thermal evaporation [3] , pulse laser deposition [4] , and chemical vapor evaporation [5] , as well as non-vacuum methods such as spray pyrolysis [6] , electrochemical deposition [7] , and chemical bath deposition [8] . Among the aforementioned methods, electrodeposition stands out as an attractive fabrication method due to its simple experimental setup, inexpensive equipment, low-wastage generation, low-temperatures of operation, and scalable ability. Nevertheless, electrodeposition of four compounds from a single electrolyte can prove to be a difficult task. There is a difference of 1.2 V in the reduction potential of Cu, Zn, Sn, and S [9] . Complexing agents can be used to reduce the gap between the reduction potential of Cu, Zn, and Sn ions to facilitate the fabrication of CZTS from a single bath.
Pawar, et al. have studied the effects of trisodium citrate on the synthesis of CZTS thin films on ITO. Their findings reported stoichiometric composition of CZTS with the usage of citrate for electrodeposition [10] . In this study, a citrate complex system was used to fabricate CZTS on glass/FTO/ZnS, for the fabrication of thin film solar cells. The surface, composition, conductivity, and reduction potential of the ions in electrolytes with different concentrations of trisodium citrate were studied. 
Experimental Procedure

Results and Discussion
CV was conducted to identify initial growth range for CZTS layers followed by optimization using characterization using PEC tests, optical absorption, Raman and SEM methods.
Cyclic Voltammetry
Cyclic voltammetry analysis was used to understand the reaction of the ions at different applied voltages for each electrolyte fabricated. The cyclic voltammograms were generated with a scan rate of 10 mV/s from 0.8 to −1.8 V vs OC. 
Photoelectrochemical Cell Tests
Photoelectrochemical cell (PEC) tests were used to determine the conductivity ference between the OC current in dark and illuminated conditions yields the PEC signal. The PEC signal provides with useful information on the strength of the depletion region which can help interpret the quality of the thin film. The PEC cell was calibrated against CdS, a well-known n-type semiconductor [11] . A negative signal was obtained from this n-type semiconductor, meaning that any positive signal pertained to a p-type semiconductor.
Several samples with growth voltage ranging from −1.0 V to −1.2 V were fabricated and tested. Table 1 shows the change of electrical conductivity with respect to the growth voltage and the citrate concentration. In all cases, the electrodeposited CZTS thin films showed a p-type nature. However, the films deposited in the bath containing 0.3 M trisodium citrate showed poor electrical conduction and quality overall.
Optical Absorption
The optical properties of the annealed thin films were studied using a UV-Vi-near IR spectrometer. The optical absorption measurements were carried on a light wavelength range of 300 to 1100 nm. Tauc plots were generated as shown in Figure 2 and the electronic bandgap of the materials were determined.
To obtain these plots, Stern's Relation shown in Equation (1) where v is the frequency of the photon, h is the Planck's constant (6.63 × 10 −34 Js), Eg is the bandgap, k is the band tailing parameter and n is 1 for direct bandgap materials [9] . Hence Equation (2) can be obtained:
By plotting ( ) 
Raman Spectrometry
To confirm the presence of secondary phases, Raman spectrometry analysis was performed. The data were matched with published data of CZTS and it was found that the strongest peaks in the spectra obtained corresponded to kesterite CZTS, found at 462 cm −1 and peaks of lower intensity of CZTS past the main peak [3] . ZnS is known to exhibit strong peaks at 352 and 271 cm −1 and such peaks were found in the results obtained [12] . Crystalline SnS 2 phase was Advances in Materials Physics and Chemistry matched to the peak found at 225 cm −1 [13] . Figure 3 shows the Raman spectra for CZTS deposited in the 0.2 M citrate bath.
Scanning Electron Microscope Imaging
SEM imaging was used to analyze the annealed samples. Figure 4 shows the surface morphology of a sample produced using 0.1 M citrate bath (a) and a sample fabricated using a 0. SEM revealed a uniform surface with indications of good adhesively to the ZnS underlying surface. In this research, it was possible to fabricate stable n-p layers 
